A laser with its wavelength stabilized to a Fabry-Perot etalon has many industrial applications. An ideal error signal for laser stabilization is the dispersion-like signal generated without wavelength modulation. We present a technique, by which the error signal is generated by the difference of two resonance peaks of a Fabry-Perot etalon. A laser beam is split into two beams, which pass through an etalon with a small optical path length difference to generate two partially overlapped resonance peaks. Subtracting one peak from the other yields a dispersionlike error signal. The zero crossing of the differential signal is insensitive to the angle drift of the etalon if the incident angles of the two laser beams are nearly equal but with opposite sign.
Introduction
Laser wavelength stabilization is an important technology for applications in laser interferometry, wavelength standards, and dense wavelength division multiplexing ͑DWDM͒ communications. Atomic or molecular spectra are popular wavelength references for wavelength standards [1] [2] [3] [4] [5] because of their high wavelength repeatability and sharp spectral peaks. A laser can be stabilized to one of these spectral lines and reach very high wavelength stability. However, ultimate stability is not often required in most industrial applications. Stabilizing a laser to a Fabry-Perot etalon is another convenient choice. A Fabry-Perot etalon has several resonance modes with different wavelengths, and the resonance wavelengths can be tuned by changing the optical path of the light in the etalon. 6 Some FabryPerot etalons are composed of two highly reflective mirrors and a low thermal expansion spacer; some are just solid state etalons. The former can be used to reach high stability in laser stabilization, 7, 8 while the latter are usually made cheap and robust, which are appropriate for industrial applications. A Fabry-Perot etalon does not have a structure that modulates the resonance signal to yield a zero-crossing error signal for laser stabilization. Several methods are frequently used for generating error signals with zero crossing. For example, directly modulating the laser wavelength by diode laser current modulation, using an external modulator to induce wavelength modulation, 9 or using a reference level generated from a split beam. 10 An alternative is to use a noncollimated laser output beam and sample the beam after it passes through a Fabry-Perot etalon at two different parts that have different optical paths in the etalon. 11, 12 By those methods, the laser system usually suffers from a modulated wavelength output, optical feedback, or frequency variation induced by angle drift of the FabryPerot etalon and laser beam. We present a differential tworesonance-peaks method, by which a laser beam is divided into two beams with equal intensity. The two beams go through an etalon at an incident angle with an opposite sign to generate two frequency-adjacent resonant peaks respectively. The difference signal between the two resonance peaks is a nearly ideal dispersion-like error signal without laser wavelength modulation. The use of the differential two-resonance-peaks method is compared to a traditional single-resonance peak for laser stabilization. The result shows that the shift of a locking wavelength is smaller using the differential two-resonance-peaks method than the traditional single-peak method.
Laser Diode Stabilization Using the Difference Signal of Two Resonance Peaks
The resonance wavelength or frequency of a Fabry-Perot etalon depends on the length of the optical path along which the laser beam travels in the etalon. A peak can be selected for laser stabilization from a series of nearly equal frequency-spacing resonance peaks of the Fabry-Perot etalon. Changing the incident angle of the laser beam changes the resonance frequency of the peaks. If the laser output beam is divided into two beams A and B, and the two beams travel through the etalon with a small optical path length difference, then the resonance peaks of the two laser beams will be close to each other. 
where m is an integer, c is the light speed in vacuum, n is the refractive index of the material of the etalon, and d is the thickness of the etalon.
Tilting the normal of the etalon by an angle ⌬ causes a resonance frequency shift ⌬ f A ,
͑2͒
When A is small, and ⌬Ӷ A ,
Derived from Eq. ͑3͒, the increment of the ratio ⌬ f A /⌬ is proportional to the increment of A . In the case of the difference signal of two resonance peaks, the other laser beam, beam B, generated from the divided intensity of the same laser source of beam A, enters the etalon with an incident angle Ϫ B , as shown in Fig. 6 . The B is nearly When the normal of the etalon is rotated by ⌬, the frequency shift ⌬ f l of the zero crossingis
͑6͒
If A and B are small and ⌬Ӷ A , B , then Eq. ͑6͒ can be simplified to
From Eqs. ͑4͒ and ͑7͒, if A is roughly equal to B , then
To estimate the limitation of ⌬, we consider that the differential of the difference of transmissions of beam A and B through an etalon is:
where R is the reflectivity of the mirrors of the etalon.
The slope of Huang, Lu, and Shy: Novel method to stabilize a laser wavelength . . .
Experimental Setup
A schematic experimental setup for differential tworesonance-peak laser wavelength stabilization is shown in Fig. 8 . An extended cavity diode laser ͑ECDL͒ with a wavelength of 657.460 nm, single longitudinal and transverse mode, and 6-mW maximum power is used for convenience. The laser beam is split into two parts, the transmitted light beam A and the reflected light beam B, by a polarization beamsplitter PBS1. The intensities of both beams can be adjusted to be almost equal by rotating the optical axis of a half-wave plate, which was located before PBS1. When the angle of the etalon is changed, read the angle change ⌬ by the autocollimator. The shifting of peak A or B and the zero crossing of signal A-B on the oscilloscope is recorded. The oscilloscope is calibrated by using the free spectral range of the etalon. We compare the wavelength stability of the differential two-resonance-peak method with the traditional single-resonance-peak method. Another beam C that does not go through the etalon is sampled by detector D3. The differential of the single resonance signal A and the signal C is used as the error signal of the singleresonance-peak method. The stability of the laser is measured by a wavelength meter with a resolution of 0.0001 nm and Ϯ2ϫ10 Ϫ7 uncertainty. To fit the limit of the wavelength meter, the short-term stability is designed to be 1.5 ϫ10 Ϫ7 ͑0.0001 nm/657.460 nm͒, the resolution of the wavelength meter, or 0.0694-GHz frequency variation. From Fig. 7 , in the 70% best locking region, the variation of the measurement of T D should be less than 0.53%, where T D is usually normalized to 1. That means only when the stability of the electronics is better than 0.53% we can use it to stabilize a laser to reach the designed specification. of the peak of signal A-B becoming wider or narrower, its zero crossing does not move significantly. We shows the frequency shifting of the peaks of signals A and B, and the zero crossing of signal A-B in Fig. 11 , as the normal of the etalon is tuned. We start the experiment from the point when A ϭ B ϭ0.0029 rad. At this angle, the peak is not clearly broadened by the walk-off loss, and the reflected laser beams remain far enough from the laser diode to prevent an optical feedback problem. At the starting point, no A-B peak is observed. When ⌬ is increased, signal A-B appears. As we depicted earlier, when the frequency difference is 0.6 GHz or ⌬ϭ0.00024 rad, T D Ј ( f l ) has an optimum slope; stabilizing the laser wavelength at this situation will get the best stability. The result of the stabilization is shown in Fig. 12͑a͒ . Similar results using the differential signal of signals A and C are shown in Fig. 12͑b͒ . Both the stabilization results in Fig. 12 start immediately when the alignment of the etalon is ready. Wavelength shift in Fig.  12͑b͒ is about 0.0004 nm ͑0.28 GHz͒ in the first 3 h, while no considerable drift is observed in Fig. 12͑a͒ . The stability in Fig. 12͑a͒ is about 3ϫ10 Ϫ7 in 72 h.
Results

Discussion
We present a method using the difference signal of two resonance peaks to stabilize a laser's frequency to a resonance of a Fabry-Perot etalon without modulating the laser frequency. Error signals with dispersion shapes are obtained. The zero-crossing frequency is found to be insensitive to the drift of the normal of the etalon under the condition that the two laser beams travel through the etalon with nearly equal incident angles to the etalon but with opposite signs. A simple experimental setup is introduced to implement the differential two-resonance-peak method.
Other setups that divide the laser output into two beams with a small angular offset may also be appropriate for implementing this stabilization method. Considering that we have a nearly ideal shape error signal, no need for frequency modulation, and are insensitive to the drift of laser beams or the direction of the etalon's normal, the proposed differential two-resonance-peak method is a promising approach to build a compact stabilized laser. Laser stabilization: (a) using the differential signal of two resonance peaks, and (b) using the differential signal of one resonance peak and a reference level.
